SUMMARY We have investigated whether pH-dependent bile acid precipitation limits lipid solubilisation after ileal resection, and whether treatment with cimetidine, or taurine improves solubilisation. Nine ileal resection patients were treated with placebo, cimetidine and taurine in random order for two weeks each. Upper jejunal content was aspirated and pooled according to pH for three hours after a standard Lundh test meal. On placebo, 50% of the bile acids were precipitated at pH <5, compared with only 26% at pH>6, whilst aqueous-phase lipid concentration tended to be lower at pH <5 than at pH >6 (5.1 vs 8-2 mmol/l). On cimetidine mean pH rose, particularly during the third hour (6.6 vs 5-8, p<0-05), associated with a reduction in bile acid precipitation (13.9 vs 33 1%, p<005), and an increase in aqueous-phase lipid concentration (10-4 vs 6-6 mmol/l, p<005). On taurine, the proportion of taurine conjugated bile acids increased (67 vs 22%, p<0O01), but there was no significant change in bile acid precipitation or lipid solubilisation. Lower jejunal samples were aspirated similarly from five of these patients on no treatment, and all were at pH >6; apparent 'precipitation' was reduced (16.4 vs 28-1%), but lipid solubilisation did not improve. These findings suggest that pH dependent bile acid precipitation can limit lipid solubilisation within the jejunum after ileal resection, and that these effects can be reduced by cimetidine but not by taurine. Cimetidine may have a role in ileal resection patients with severe steatorrhoea unresponsive to dietary fat restriction.
Many patients suffer severe steatorrhoea after ileal resection; the severity is related to the length of ileum resected.1 2 Current treatment is non-specific and consists of a low fat diet, but such restriction is irksome and often unsuccessful. An approach to more specific treatment demands an understanding of the pathophysiology of the steatorrhoea.
Intraluminal bile acid deficiency provides one mechanism contributing to the steatorrhoea after ileal resection. Faecal loss of bile acid increases markedly after ileal resection,2 3 as the ileum is the site of active reabsorption of bile acid. 4 5 In patients with a large ileal resection the liver is no longer able to compensate adequately by increasing bile acid synthesis, so that total jejunal bile acid concentration falls,' 2 6 especially during the third meal of the day.7 Intraluminal precipitation of bile acid provides a second mechanism. Precipitation of up to 50% of total bile acid has been reported in a study of eight ileal resection patients.8 Such precipitation may critically reduce aqueous-phase bile acid concentration in ileal resection patients who already have a low total bile acid concentration.
The mechanism of this bile acid precipitation in ileal resection has not been studied, although it is reported to affect predominantly the glycineconjugated bile acids. Our hypothesis is that this precipitation is mediated by acid, because (a) in vitro studies have shown that glycine conjugated bile acids precipitate below pH 5, whereas taurine conjugates do not precipitate till pH falls below 2:9 an increased proportion of glycine-conjugated bile acids is found after ileal resection,1 6 ously by syphonage and syringe aspiration into ice-cooled 10 ml measuring cylinders. The pH of each 3 ml sample was measured immediately with a glass electrode. Half of each sample was treated immediately with acid to inactivate lipase, and the treated and untreated samples pooled separately according to initial pH (<5, 5-6, >6) and time (lst, 2nd, 3rd hour) as described previously (Fig. 1 ).18
LOWER JEJUNAL ASPIRATIONS
In those volunteering for a two day study on placebo, the balloon was inflated with 20 cc of air after finishing the first day's test and allowed to travel to a maximum distance of 90 cm beyond the duodenojejunal flexure over the next 20 hours on a normal diet. The following morning the abdomen was radiographed to ensure that the tube had not entered the large bowel. The distance the tube travelled was measured (see Table 1 ) and postprandial aspiration performed as on the previous day. respectively. Total fatty acid concentrations and lipolysis were lower at pH <5 than at pH 5-6 and pH >6. Half of the total available bile acid was precipitated at pH <5, considerably more than at pH >6 (Fig. 2) , so that there was a marked pH-gradient for aqueousphase bile acid concentration; at pH <5 the mean concentration of bile acid remaining in solution was only 1.8 mmol/l. This led to a marked reduction in aqueous-phase lipid and fatty acid concentrations at pH <5. Comparison of hourly pools (Table 3) A small reduction in pH from the first to the third hour was accompanied by a tendency to increased bile acid precipitation; this led to a significant reduction in aqueous-phase bile acid concentration and an associated reduction in the proportion of fatty acid solubilised, lipolysis remaining constant.
CIMETIDINE RESULTS (Tables 3 and 4) pH Remained above 6 throughout the test in all patients except number 4, in whom it fell slightly towards the end of the third'hour. The reduction in pH in the third hour on placebo was corrected by cimetidine (Table 3) . Overall pH was significantly higher on cimetidine than on placebo (Table 4) . Total fatty acid concentration and lipolysis were also similar to those on placebo and showed similar pH-gradients. The proportion of taurine conjugated bile acids rose from 22±3% on placebo and 18±4% on cimetidine, to 67±7% on taurine (p<0.01). Bile acid precipitation was slightly reduced at each pH but the pH-gradient remained (Fig. 2) ; overall bile acid precipitation was not significantly reduced. Similarly, the pH-gradient for aqueous-phase bile acid concentration remained unaltered (Table 5) and overall aqueous-phase bile acid concentration did not improve (Table 4) . Aqueous-phase lipid and fatty acid concentrations were therefore unaffected by taurine (Table 4 ).
(b) LOWER JEJUNUM (Table 6) As samples were obtained from only five patients statistical comparison was unjustifiable. There was a clear change in pH profile from the upper to the lower jejunum. There was no pH <5 aspirate and only one patient produced samples at pH <6 in the lower jejunum (1.5% of the meal). Values pooled over three hours were therefore used for comparison. This change in pH-profile led to a reduction in bile acid precipitation to 16% (mean not significantly different from zero). Both total and aqueousphase bile acid concentrations were higher in the lower jejunum, leading to an increase in the proportion of lipid and fatty acid solubilised.
Discussion
Our first experiment showed marked intrajejunal bile acid precipitation at pH <5 in untreated ileal resection patients, as predicted from in vitro studies.9 The appearance of apparent 'precipitation' at pH >6, well above the relevant pKa values, suggests Table 5 Aq-phase lipid (mmol/l) 6-6± 2-9 6-1±2-7 10-7±1-9 Aq-phase fatty acid (mmol/l) 0-2± 0-1 1-6±0-2 4-1±0-7 Proportion of fatty acid in aq-phase (%) 8-0± 3-7 20-7±3-3 27-5±4-3 Table 6 some additional mechanism other than that demonstrated in vitro using pure bile acid solutions. Both glycine and taurine conjugated bile acid bind to undigested protein in the meal,20 and this would appear as 'precipitation'. The pH-gradient for aqueous-phase lipid and fatty acid concentrations on no treatment can be attributed to a combination of the increased bile acid precipitation and decreased lipolysis demonstrated at pH <5 ( Table 2 ). The finding of a marked pH-gradient for the proportion of total fatty acid in the aqueous-phase, however, suggests that bile acid precipitation must be the major factor as this expression eliminates the effect of lipolysis. Although none of these pH-gradients could be tested statistically, the occurrence of similar gradients for all relevant measurements on placebo and on taurine support their validity. The finding of a reduction in fatty acid solubilisation in the aqueousphase from the first hour to the third hour, associated with a reduction in pH, increased bile acid precipitation and reduced aqueous-phase bile acid concentration supports this interpretation, since lipolysis remained constant ( Table 3) .
The reduction in aqueous-phase bile acid concentration at low pH would assume greater importance if superimposed on a reduction in total bile acid concentration.1 2 6 11 21 Our patients did not have a major reduction in overall bile acid concentrations (5.3 mmol/l vs 5*7 mmol/ls18 in our healthy subjects), or lipid solubilisation (8.4 mmol/l vs 9-6 mmol/l) probably because only three of our patients had a resection of more than 100 cm and only one had severe steatorrhoea. Intraluminal bile acid deficiency1 2 and gastric acid hypersecretion13 14 occur in patients with longer resections in whom these pH-dependent effects would therefore be more important. Furthermore, we studied only the first meal of the day and other studies have shown that a normal bile acid concentration at this time can be followed by a very low bile acid concentration during the second and third meal of the day.7 21 The cimetidine results confirm that in untreated patients pH-dependent bile acid precipitation limits lipid solubilisation: overall bile acid precipitation and aqueous-phase bile acid concentrations (Table  4) were similar to the pH >6 values on placebo ( Table 2 ), suggesting that the improvement on treatment could be attributed to the abolition of pH-dependent bile acid precipitation ( Table 2 ). In the first and third hours the increase in aqueousphase bile acid concentration was associated with an improvement in aqueous-phase lipid concentrations without any change in lipolysis (Table 3 ). This again shows the limiting effect of bile acid precipitation on lipid solubilisation. The overall improvement in pH on cimetidine was accompanied by a 60% improvement in aqueous-phase lipid concentration, and a 45% increase in aqueous-phase fatty acid concentration (Table 4) , albeit insignificant.
Although treatment with taurine for two weeks successfully converted the majority of bile acids from glycine to taurine conjugates, it did not prevent bile acid precipitation (Table 4) . Because taurine conjugates in pure solution do not precipitate above pH 2, the persistence of apparent pH-dependent bile acid 'precipitation' was unexpected, but can be attributed to the protein binding already discussed. Thus treatment with taurine replaces the problem of pH-dependent precipitation of glycine conjugates with that of pH-dependent binding of taurine conjugates (Fig. 2) . Furthermore, this bile acid binding appears to limit lipid solubilisation in the same way as bile acid precipitation, since similar pH-gradients were observed for all measures of lipid solubilisation (Table 5) .
Although mean bile acid precipitation in the lower jejunum did not differ significantly from zero, its presence at pH >6 in some patients could be attributed to protein binding2' or to failure of complete reversal of precipitation. Comparison of the aqueous-phase fatty acid and lipid concentrations is complicated by the greater time available for lipolysis and absorption.
There has been a previous single case report describing improved lipid digestion and absorption due to cimetidine in a patient with an extensive ileal resection and gastric hypersecretion,22 and we have reported a significant reduction in faecal fat excretion in 14 patients with steatorrhoea due to ileal resection during treatment with cimetidine.23 This was not accompanied by a significant reduction in faecal wet weight, but another group has reported a significant reduction in faecal volume in 10 patients with diarrhoea due to ileal resection treated with cimetidine.24 In our study,23 the reduction in faecal fat excretion was most marked in those with severe steatorrhoea, and cimetidine is therefore recommended in patients with severe steatorrhoea unresponsive to a low fat diet. Our finding of bile acid binding to undigested protein in both upper and lower jejunum may provide another mechanism contributing to the better effect of elemental rather than whole protein feeds in the short gut syndrome. 25 precipitation and lipid solubilisation. 
